To examine the physiological profiles of wheelchair basketball and tennis and specifically to: (a) identify if there are differences in the physiological profiles of wheelchair basketball and tennis players of a similar playing standard, (b) to determine whether the competitive physiological demands of these sports differed (c) and to explore the relationship between the blood lactate [Bla -] response to exercise and to identify the sport specific heart rate (HR) training zones. Methods: Six elite athletes (4 male, 2 female) from each sport performed a submaximal and VO 2 peak test in their sport specific wheelchair. Heart rate, VO 2 , and [Bla -] were measured. Heart rate was monitored during international competitions and VO 2 was calculated from this using linear regression equations. Individual HR training zones were identified from the [Bla -] profile and time spent within these zones was calculated for each match. Results: Despite no differences in the laboratory assessment of HRpeak, the VO 2 peak was higher for the basketball players when compared with the tennis players (2.98 ± 0.91 vs 2.06 ± 0.71; P = .08). Average match HR (163 ± 11 vs 146 ± 16 beats⋅min -1 ; P = .06) and average VO 2 (2.26 ± 0.06 vs 1.36 ± 0.42 L⋅min −1 ; P = .02) were higher during actual playing time of basketball when compared with whole tennis play. Consequently, differences in the time spent in the different training zones within and between the two sports existed (P < .05). Conclusions: Wheelchair basketball requires predominately high-intensity training, whereas tennis training requires training across the exercise intensity spectrum.
It is well documented that heart rate (HR) and blood lactate [Bla - ] are useful tools for training prescription in able-bodied participants. 5, 6 Yet limited sports specific HR training guidance is available for wheelchair participants. Of the work available, which has covered wheelchair basketball, tennis and rugby the extrapolation of laboratory data to the field has been limited. 1, 2, 4, 7 Firstly, test protocols have been based on arm-crank ergometry 1, 7 and for one study this test involved increases in intensity every minute. 1 For this later work, it is unlikely that the participants would have demonstrated anything even close to a physiological steady state in these short exercise stages. Moreover, it is doubtful whether the mode of exercise would reflect the physiological responses seen during wheelchair exercise. 8 The work of Moody et al 7 involved examining the VO 2 -HR relationship in participants with limited or no sympathetic cardiac innervation. Previous studies in this area have suggested that using HR to estimate the exercise intensity in quadriplegics may not be appropriate due to the reductions in venous return and the lack of sympathetic innervation to the heart. 9,10 These aforementioned methodological aspects limit the application of the research findings reported to field settings.
Nevertheless, these studies have found the average match HR of wheelchair tennis to range from 121 beats⋅min -1 (bpm) to 128 bpm 1, 4, 11 and basketball at a slightly higher value between 132 to 151 bpm. 2, 4 Most of the research to date has involved male wheelchair athletes, with only a few recent studies examining the physiological aspects and demands of female athletes participating in wheelchair exercise. 11, 12 To extend the work previously reported in this area, it is necessary to examine the [Bla -] profile so that specific HR training zones can be developed providing athletes with targeted training and thus optimizing training. 13 This is of interest when comparing wheelchair sports with the objective to provide specific sports training information since the distances covered, rest to work ratios and length of matches vary considerably. For example, basketball matches involve 10 min quarters whereas tennis matches last from under 1 h to over 3 h. 3, 12 Therefore the purpose of this study was to examine (a) if there are differences in the physiological profiles of wheelchair basketball players and tennis players of a similar playing standard, (b) to determine whether the competitive physiological demands of these two sports differed (c) and to explore the relationship between the [Bla -] response to exercise and to identify sport specific trends of HR training zones that may be beneficial to develop coaches knowledge of training for these sports.
Methods

Participants
From a pool of 30 wheelchair athletes players, 6 wheelchair basketball players (4 male, 2 female) were matched with 6 wheelchair tennis players (4 male, 2 female), all of whom were presently competing internationally and therefore considered elite. After consultation with medical records, participants were matched on playing ability, trunk mobility and classification according to IWBF.
14 Approval was gained from University Ethics Committee and written consent was obtained by all participants and their guardians (for those under 18 y old) before testing. Body mass was recorded to the nearest 0.1 kg using either a seated balance scale (Seca 710, seated scales, Hamburg, Germany) or a wheelchair double beam scale (300 series, Marsden, London, UK). Participant characteristics are given in Table 1 . 
Experimental Design
There were two distinct phases to this study: a laboratory assessment within a 2-wk period either side of the selected sports competition and data collection during international wheelchair basketball and tennis competitions. All participants were tested in their own sports specific wheelchair. For the laboratory measurements, the tennis players were tested using a wheelchair ergometer as previously described, 12 while the basketball players were tested using a specialized motorized treadmill (H/P/Cosmos, Germany).
Laboratory Assessment
Each participant completed an incremental submaximal exercise test that comprised five or six 4-min stages. The initial speed was predetermined following a self-selected warm-up period of 5 min where heart rate (HR) was approximately 100 bpm. Subsequently each exercise stage was increased by 0.2 to 0.4 m⋅s −1 , and this ensured that we obtained a profile that included 40% to 80% VO 2 peak . For the treadmill testing the incline was kept constant at 1% gradient throughout this test. During the last minute of each stage, expired air was collected and analyzed using the Douglas bag technique. The concentration of oxygen and carbon dioxide in the expired air samples was determined using a paramagnetic oxygen analyzer (Series 1400, Servomex Ltd., Sussex, UK) and an infrared carbon dioxide analyzer (Series 1400, Servomex Ltd., Sussex, UK). Expired air volumes were measured using a dry gas meter (Harvard Apparatus, Kent, UK) and corrected to standard temperature and pressure (dry). Oxygen uptake (VO 2 ), carbon dioxide output, expired minute ventilation, and respiratory exchange ratio were calculated. Heart rate was monitored continuously using radio telemetry (PE4000 Polar Sport Tester, Kempele, Finland) and the rating of perceived exertion (RPE) was monitored throughout the test. A small capillary blood sample was obtained from the earlobe at the start of the test and as quickly as possible during a 1-min break between stages for determination of whole blood lactate concentration [Bla -] using a YSI 1500 Sport (Yellow Springs, USA), which had been calibrated with a lactate standard of 5 mmol·L -1 before testing. The lactate threshold (LT) was defined visually by two separate observers at the first workload before there was "an onset of blood lactate accumulation." 15 A second breakpoint known as the lactate turn point (LTP) was identified and is used to describe a second workload where [Bla - ] begins to accumulate quickly. 13 Based upon the aforementioned parameters six different HR training zones were identified (Table 2) . 13, 16 Following a 15-min rest period, an incremental gradient test (treadmill) and an incremental speed test (wheelchair ergometer) was used to determine the peak oxygen uptake (VO 2 peak). This test involved increases in external work until volitional exhaustion. Heart rate was monitored continuously, expired air samples were collected over the last two consecutive stages of the test and the final RPE was recorded. On completion of the peak test a capillary blood sample was also taken and analyzed to determine [Bla -] as previously described. The criteria for a valid VO 2 peak were a peak RER ≥ 1.10 and peak HR ≥ 95% of the age-predicted maximum (200 bpm minus chronological age in years) as previously used in this population group. 12 All of the participants satisfied both criteria. Peak HR was taken as the highest value recorded during the test; however, if a higher HR value was obtained during match play then that value was used.
Competition Data
Heart Rate monitors (Polar team system, Finland) were placed upon the players at least 20 min before the start of competitive play. The players wore the HR monitors throughout the matches with data being recorded at 5-s intervals. Basketball HR data were collected during the Paralympic World Cup in England. The match start time, and during the basketball games the substitutions/ time outs were all manually recorded, thus allowing us to calculate whole basketball play (WBP) and basketball actual playing time (B-APT). Tennis HR data were collected from singles matches during international wheelchair tennis tournaments in Florida and England. For each match, the start and end time were recorded and the HR data collection period included all the activities during this time period, as representing the whole tennis play (WTP). The average HR and HRpeak during the matches were calculated for each player from both sports.
Statistical Analyses
Standard descriptive statistics were obtained (mean and standard deviation) for all variables using SPSS (16.0, Chicago). Independent t tests or the nonparametric equivalent were conducted to determine differences between groups for physiological parameters. The VO 2 and HR data at the end of the peak VO 2 test and each submaximal steady-stage were expressed as percentages of their respective peak values. For each participant a linear regression was conducted using the paired data points of %peak VO 2 and %peak HR values and the Pearson r correlation for this relationship was calculated. Data obtained at each completed submaximal exercise stage and peak values were included in the analyses. The percentage peak VO 2 values were included in the analyses as the independent variable. The data for the whole group were not pooled together for a single linear regression equation as this would statistically obscure the individual relationships. Using HR from the game play VO 2 was predicted and the relative percentages of VO 2 peak were determined. Point-by-point regressions were performed on the [Bla -]%-VO 2 peak data to determine the [Bla - ] at fixed exercise intensities of 40, 50, 60, 70 and 80% VO 2 peak. The HR at the six training zones was determined for each player. A two-way mixed ANOVA was performed to examine the main effect of time spent in zones, main effect of group on time spent in zones and to examine if there was an interaction effect. An independent sample t test was used to examine any differences between groups for the time spent in the HR zones. Significance was accepted at P ≤ .05.
Results
The two groups did not differ with respect to age, body mass, hours training per week or years playing wheelchair sport (Table 1 ; P = .38, P = .34, P = .75, P = .26 respectively). The HR-VO 2 relationship was found to have a strong correlation in all participants (0.96 to 0.99). During this submaximal testing, no differences were seen between the two groups in VO 2 at LT (P = 0.08; Table 3 ). However, HR was significantly higher at LT (P = 0.02) and LTP (P = .006) and VO 2 showed a strong trend toward being higher (P = .06) at LTP in basketball players compared with tennis players (Table 3) . When expressed as a percentage of peak values, HR was significantly higher in the basketball players when compared with tennis players at LT (P = .04) and showed a trend toward significance at LTP (P = .06). Percentage VO 2 values were not different between sports at LT (P = .59) or at LTP (P = .60). Figure 1 shows the [Bla -] response at fixed exercise intensities for the basketball versus tennis players. There were no significant differences between the two groups (P > .05). Despite no significant difference in the HRpeak, the VO 2 peak was higher -An example of a basketball player's heart rate trace during a match showing peak heart rate, average heart rate and playing time. Peak heart rate (black horizontal line), average heart rate (gray line) and time spent on court (dashed line).
for the basketball players when compared with the tennis players (2.98 ± 0.91 vs 2.06 ± 0.71; P = .08). Figure 2 shows the HR response during whole basketball play (WBP) and indicates the maximum and average HR, and actual playing time (B-APT) for one participant. Peak VO 2 was significantly higher during WBP when compared with WTP (2.90 ± 0.93 vs 1.80 ± 0.58 L•min -1 ; P = .03) and there was a 10 beat difference in peak HR although these values did not significantly differ (190 ± 12 vs 180 ± 18 bpm respectively). The basketball group showed a trend toward a higher average match HR during B-APT (163 ± 11 vs 146 ± 16 bpm; P = .06, Figure 3 ) and a higher estimated average VO 2 (2.26 ± 0.06 vs 1.36 ± 0.42 L⋅min −1 ; P = .02) than the tennis players (WTP). During WBP and WTP, there were no differences in average HR between sports (154 ± 15 vs 146 ± 16 bpm; P = .40). Yet, the basketball players still showed a higher estimated average VO 2 (2.03 ± 0.57 vs 1.36 ± 0.42 L⋅min −1 ; P = .04). When average match HR was compared as %HRpeak between sports during B-APT and WTP, there was a significant difference (83.9 ± 1.9% vs 75.3 ± 7.8% respectively; P = .03). The corresponding average %VO 2 peak for B-APT and WTP was found to be 75.9 ± 5.5% vs 68.3 ± 11.8% respectively (P = .18). There was no significant difference between %HR (79.2 ± 4.4 vs 75.3 ± 7.8% P = .3) and %VO 2 peak (68.9 ± 7.7 vs 68.2 ± 11.8% P = .90) between sports whole play. Table 4 shows the relative percentage and actual time the basketball and tennis players spent in each training HR zone. This was measured during WBP, B-APT and WTP. Analysis for the whole game in both sports in actual minutes and as a percentage of the total game time showed a significant main effect for zone (P < .01). Pairwise analysis revealed that more time was spent in HR zone 5 (36.1 ± 17.6 and 44.2 ± 23.9 minutes for basketball and tennis respectively) compared with Peak (± SD) heart rate during a wheelchair basketball and wheelchair tennis match, average (± SD) match heart rate during WBP and WTP and average (± SD) match heart rate during B-APT. Bottom panel: Peak (± SD) VO 2 during a wheelchair basketball and wheelchair tennis match, average (± SD) match VO 2 during WBP and WTP and average (± SD) match VO 2 during B-APT (b). Note. *Significant difference between sports; WBP = whole basketball play, WTP = whole tennis play and B-APT = basketball actual playing time. any of the other HR zones in minutes (both groups spent <10 min in each zone). As a percentage, more time was spent in zone 5 (67.6 ± 16.5 and 57.9 ± 30.7% for basketball and tennis respectively) than zone 2, 3 and 4 (both groups < 10% in each zone). There was no main effect of sport (P = .24; P = .99 respectively) and no interaction effect (P = .50, 0.10 respectively). A comparison between B-APT and WTP in minutes and as a percentage of a whole game, results showed that there was a significant main effect of zone (P < .001). Pairwise analysis revealed more time was spent in zone 5 (basketball 33.1 ± 15.8 min (82 ± 7.4%); tennis 44.2 ± 23.9 min (57.9 ± 30.7%) when compared with all the other zones (all other zones < 10 min [<15%]). When time spent in minutes was compared between zones, there was a main effect of sport. Analysis revealed that basketball players spent less minutes in zone 3 (1.3 ± 1.1 vs 9.6 ± 5.3 min) and zone 4 (1.6 ± 1.0 vs 5.8 ± 3.9 min) when compared with tennis players. When relative time spent in each zone was analyzed there was no main effect of sport (P = .39).
Discussion
The VO 2 peak of the elite basketball players in the current study were found to be slightly higher than that reported in previous literature, 4 ,17 yet similar values were found for the tennis players. 1 As evident in the literature the females demonstrated lower VO 2 peak values to their male counterparts. 18 There was a tendency for VO 2 peak to be higher for the basketball players when compared with the tennis players (2.98 ± 0.91 vs 2.06 ± 0.71; P = .08). Moreover, in contrast to previous research, the current study found a difference between sports in the HRs (148 ± 4 vs 140 ± 3 bpm) at LTP, with again the basketball players recording higher values. 19 To the authors knowledge limited data exists that focuses around the LT and corresponding work rates. Of that available, it is of interest to note that the current study found similar VO 2 values at LT to the work of Flandrois et al. 20 But when expressed relative to VO 2 peak the current study identified that this threshold occurred at only 49.6 and 48% VO 2 peak for basketball and tennis respectively when compared with the 63% and 54% of high and low paraplegics in Flandrois et al. 20 The range of disabilities makes it hard to compare the two studies and the protocols differed between studies making results hard to interpret. In addition, these values may differ slightly depending upon the LT definition used, which, although was similar in both studies, in the present work, was perhaps limited due to the number of exercise stages employed, 6, 16 we will revisit this methodological consideration later.
Average match HRs in the current study were found to be higher in both sports when compared with other previously reported research.
1,2,4,11,21,22 Basketball average actual play, match HRs (163 bpm) were higher than that reported by other literature (range 128 to 151 bpm). 2, 4, 21, 22 In tennis, average HRs of 121 to 127 bpm compared with 146 bpm in this study have been reported. 1, 4, 11 Average tennis values relative to %HRpeak were higher in this study with 75% compared with 69%.
1 A similar case in tennis reported average VO 2 as %VO 2 peak at a higher 68% in this study when compared with Roy and coworkers 1 finding of 49.9%. In fact this value is more similar to that of able-bodied tennis players which is reported at 60% to 70% VO 2 peak. 23 Average HR, VO 2 peak and average VO 2 were all higher during actual play in a basketball match (B-APT) when compared with tennis (WTP) which supports the work of Coutts. 4 The novelty of this study is that it extends the work of Coutts 4 to now include estimates of VO 2 through the HR-VO 2 relationship. The fact that basketball is shown to have a larger competitive demand will be a reflection of skills involved, court covered and activities performed such as longer sprints. 22 Basketball also has a higher work to rest ratio with actual playing time accounting for 50% of total match time (excluding substitution time) compared with tennis actual playing time only accounting for 15 to 20%. 1, 2 Comparison of the two sports including all rest and time out periods in basketball showed no difference in average HR but results still showed a significantly higher average VO 2 during a basketball game when compared with tennis. Further work is warranted in this area to include time-motion match analysis which would enable a greater understanding of the relative importance of these factors.
It is important to note that in the current study the tennis match data were analyzed from the start of play to the end of play, including any breaks or rests whereas basketball data includes a whole game with rests and time outs and also analysis excluding time outs, end of quarters and substitutions. Basketball players may not play the whole match due to substitutions, and substitutions and time outs vary greatly between matches. Tennis players compete for the whole match and breaks are included within the rules of the match and are consistent from match to match. This may have been influential upon the difference between the sports and excluding time outs, end of quarters and substitutions during basketball play may be a truer reflection of the demands of this particular sport. Roy et al 1 included only actual playing time of tennis matches and despite only accounting for 15% of total time, average HR values were similar to that of other literature. The slightly higher VO 2 and HR values reported here highlights a major issue when investigating competitive intermittent sport activity as the opposition, environment and match demands can vary greatly between matches. 2, 23 Additionally in tennis, match length is variable, thus longer matches can result in higher physiological demands and court surface and ball type can change between tournaments; these will all play a role in the physiological demands of the sport. 23 The HR training zones obtained from the current study are informative, since they can be used to help specialize training for the different sports. Interestingly, it was apparent that when comparing B-ATP with WTP the main differences between sports occurred at HR zones 3 to 4, which are the zones just below and at LTP. This finding may help explain the differences found between the characteristics of the sportsmen and women between sports where the VO 2 and HR at LTP differed. The higher absolute VO 2 and HR at LTP for the basketball players may be due to these players demonstrating a higher aerobic capacity, as relatively, there was no difference in VO 2 at LTP between sports. From these data, a tennis match lasts on average 40 to 50 min longer than a basketball match and so in absolute terms, tennis players are spending more time in zones above LTP. However, relatively speaking, the basketball players spend a higher (although not significant) percentage of time in zone 5 when compared with tennis even when taking rests into account (67.6 ± 16.5 vs 57.9 ± 30.7% respectively). If more time is spent above the LTP, this may promote more muscular adaptations enhancing the removal of lactate which would thus result in LTP occurring at a higher exercise intensity.
Training in the different HR zones would be achieved through varying the work to rest ratios and the intensity of the activity. It has been suggested that zone 1 to 2 would incorporate lower intensities of longer duration to build the aerobic base whereas zone 5 would have a lower work to rest ratio but involve higher exercise intensities with more interval related training. 24 Training could incorporate a combination of the HR zones, with HR zones 1 to 2 being used as a recovery between training at the higher HR zones. Different drills could be implemented and could reflect important aspects of the sport such as movement patterns and agility along with more sport-related actions such as passing in basketball. 25, 26 Bullock and Pluim 27 highlight that it is important that training reflects competitive play; for example tennis training can be done holding a racket, so that the tennis racket eventually does not become a constraint to the pushing technique. 28 Heart rate monitors can be used to help monitor exercise training for participants with a low to moderate spinal cord injury, as it still remains unclear whether RPE can be used successfully by all athletes with the prescription of exercise. It is important however, that athletes are retested as through training the LT and LTP will occur at higher HR and thus it is likely that the HR training zones will change. 6, 12 Basketball training has highlighted the need for frequent repetitions involving different speeds and more high intensity drills such as fast break basketball. 25 In fact, a number of high-intensity interval-training drills for basketball many of which reflect the basketball movements such as U-turns and clovers are available in the coaching literature. 26 Similarly, adapted versions of these drills are also available to the tennis player replicating the movements on the tennis courts. 27 However, more aerobic training would be undertaken at a lower intensity within tennis which could involve continuous pushing for 45 to 60 min or longer duration less intensive interval programs. 27 Weight and resistance training have been recommended for both sports to develop endurance, while also helping to develop upper body and trunk strength. 27 The HR training zones themselves vary between researchers; however to date, all the research has been involved able-bodied participants. 16 Differences were also shown to occur between participants within the same sport. Individual variance, the problems associated with competitive play and the varying match demands between matches discussed earlier contribute to these differences. However, where possible we used several matches from a number of participants to represent the typical match play response.
One of the major difficulties facing research into elite wheelchair athletes is the small population available resulting in small sample sizes along with the variation of injuries within population groups. 29 Despite this study trying to match participants, differences in injuries between subjects could affect findings and help explain the physiological characteristically differences with other studies.
To determine the precise LTP more stages around the LTP should be conducted. 16 Both LT and LTP were determined visually by separate investigators, however due to the large jumps in values there was sometimes an element of uncertainty. One basketball player was also excluded due to their LTP not being identified, however this subjects' HR at LT was higher than most of the tennis players' HR at LTP and thus their results would probably tie in with the findings above. Data from this study was conducted within international competition, whereas some of other studies 1, 11 organized matches solely for the study. The warmer temperatures and humidity during tournaments within Florida when tennis data were collected could also have resulted in higher HR. 30 This may have bias the HR recordings toward a higher percentage time in zones 3 to 5 between sports which is opposite from the findings from this study.
In conclusion this study demonstrated that wheelchair basketball players have higher aerobic capacities when compared with tennis players of a similar playing experience. Despite the simplicity of HR data collection, the demands of wheelchair basketball actual play were shown to be more physiologically demanding than tennis. Our findings suggest that it is possible that the times spent in basketball competitive play might be associated with the improved physiological profile of the basketball players when compared with the tennis players. Close inspection of the HR profile during match play would suggest that wheelchair basketball players would benefit from high intensity training, while tennis players training should cover the exercise intensity continuum. Future research needs to address how athletes and coaches quantify training by taking into account both exercise volume and intensity and how stable or reliable the use of ratings of perceived exertion (RPE) may be in this process.
